Wideband radar signals are problematic for phased array antennas. Wideband radar signals can be generated from series or groups of narrow-band signals centered at different frequencies. An equivalent wideband LFM chirp can be assembled from lesserbandwidth chirp segments in the data processing. The chirp segments can be transmitted as separate narrow-band pulses, each with their own steering phase operation. This overcomes the problematic dilemma of steering wideband chirps with phase shifters alone, that is, without true time-delay elements.
FOREWORD
The underlying problem addressed in this report is "How do we make a phased array antenna perform fine-resolution SAR in squinted geometries?" The hang-up is that steering wideband signals really requires true time-delay adjustments between antenna array elements, but phase shifters are much easier to implement.
Nevertheless, the advent of Sandia's MiniSAR has sparked a new round of interest from multiple companies and agencies in marrying the MiniSAR to their phased array antenna system, which invariably employs phase shifters, and not true time-delay adjustments.
Herein we propose a solution that has its origins in another program, the DOE NA-22 funded Concealed Target SAR (CTSAR) project, where it was briefly investigated the concept of coherently combining data taken at different portions of the radar band that in the case of CTSAR needed to omit specific stay-out frequencies. Ultimately, however, this was not employed in the CTSAR project.
For the current phased array antenna effort, the bands are adjacent, but need to be transmitted separately for other reasons, namely to allow independent adjustment of phase shifters in the phased array antenna system.
Introduction & Background
Conventional Synthetic Aperture Radar (SAR) achieves its range resolution from the bandwidth of its transmitted signal, and its azimuth resolution from the diversity of its viewing aspect angle. Typically, at any one location along its synthetic aperture, the radar transmits a pulse that exhibits the entire bandwidth of interest. Often this is a Linear Frequency Modulated (LFM) chirp signal, although other modulation schemes may also provide the bandwidth necessary to achieve the desired resolution.
The raw echo data that is collected by the radar is termed the Phase-History data, or just Phase Histories. LFM Phase History data that is dechirped, in a technique known as stretch processing, 1 are effectively holograms of the scene being imaged, that is, samples of the Fourier Space of the scene. This data can be processed into an image using transform techniques. A common technique for fine resolution processing is the Polar Format Algorithm (PFA) processing technique, first presented by Walker, 2 but since described by many others. Other algorithms and techniques also exist, and other waveforms may also be manipulated with relatively simple signal processing to represent the Fourier space of the scene.
Two recent technology developments have come on the scene with conflicting demands on the radar.
The first is the advent of extremely fine-resolution multi-mode SAR systems, often exhibiting resolutions on the order of 0.1 m or less. Operationally, these SAR systems are required to be able to squint substantially forward or aft of broadside to the aircraft, perhaps by 45 degrees or more. Nevertheless, the fine resolutions require transmitted signal bandwidths of many hundreds of MHz, even approaching 2 GHz for 0.1 m resolution after sidelobe filtering.
The second development that conflicts with the first is the advent of applications necessitating Active Electronically Steered [phased] Array (AESA) antenna technology. These systems rely on steering the antenna beam by adjusting the phase and/or delay of signals applied to individual radiating elements, or sometimes small groups of radiating elements. The 'cleanest' steering technique is to provide time delay between elements, but for relatively narrow-band signals this is approximated by adjusting the phase between elements. For narrow-band signals these are essentially equivalent techniques. Phase shifters are generally easier and less costly to implement than programmable true time-delay elements. The down-side is that phase shifters are problematic for steering wideband signals, such as those required by fine-resolution SAR systems.
Essentially, the required time delay requires a frequency-dependent phase shift. Approximating a time delay with a constant phase shift is tolerable for narrow-band signals, but not for wideband signals. Hence the conflicting demands for fine-resolution inexpensive AESA based SAR.
Skolnik
3 presents a rule-of-thumb for the threshold of tolerance while employing only phase shifters is that at a 60 degree scan angle,
The object of this report is to describe a technique whereby a wideband LFM chirp is broken into several segments, with each relatively narrow-band segment transmitted on a separate pulse, and capable of being adequately steered by phase shifters in an AESA.
Prior Art
Alberti, et al., 4 describe their MINISAR radar system that employs a stepped chirp signal for the purpose of adding "flexibility to the system that can be easily upgraded to transmit wider bandwidth," and allowing "the use of more precise chirp generator devices able to assure high degree of phase linearity." Their system is nevertheless fairly narrow-band in that it offers 280 MHz of resolution bandwidth at X-band, achieved in four 70 MHz consecutive chirp segments. Furthermore, while they employ an array antenna, it is not an AESA.
Schimpf, et al., 5 describe a short-range millimeter-wave SAR system that uses segmented LFM waveforms for the purpose of limiting chirp rate in spite of extremely short pulses used. No mention of phased array beam steering issues are made. This system is further described by Brehm, et al. 6 Yunhua, et al., 7 discuss processing stepped chirp signals, but do not address phased array antennas at all. Narayanan, et al., 8 also describe what they call a "stepped-chirp frequency modulation (SCFM) radar." However this radar creates a single waveform that is chirped by applying a digitally sampled ramp to a Voltage Controlled Oscillator, creating that chirp in a stepped fashion. This is apparently done uniformly to each pulse. Furthermore, although an array antenna is used, it is not an AESA.
Some systems described as step-chirp systems in fact operate by synthesizing a chirp via transmitting a single frequency with each pulse, but varying that frequency on a pulse-topulse basis. Tuley, et al., 9 describe such a system.
Weiss, et al., 10 describe a wideband SAR employing an AESA. However, they observe "the need of true time delays to guarantee the aspired range resolution of one decimeter also for large squint angles."
Pape and Goutzoulis
11 describe a photonic true time-delay element for wideband phased array antennas, stating that such devices are required "[t]o satisfy the simultaneous requirements of wide bandwidth and large antenna scan angle."
Loo, et al., 12 also describe using photonics to implement true time-delay for AESA beam steering to avoid "beam squint." Goutzoulis, et al. 13 , describe a hybrid electronic and fiber optic true time-delay circuit for AESA application, and in the process acknowledge that electronic solutions offer "economical advantages."
Fischman, et al., 14 describe a hybrid approach to AESA beam steering that involves phase shifters, and both analog and digital true time-delay elements. This is for a large (50 m x 2 m) L-band antenna even with signals of only 80 MHz bandwidth.
Schuss & Hanfling 15 were issued a patent where "[a] space fed antenna system is adapted to correct for beam pointing (squint) errors and collimation errors caused by frequency variations of the R.F. energy radiated by the antenna system." Their technique requires time-delay elements for wideband signals.
Boe, et al., 16 were issued a patent in 2004 "for maintaining beam pointing (also known as stabilizing) for an Electronically Scanned Antenna (ESA) as its frequency is varied over a wide frequency bandwidth. The technique uses discrete phase shifters, a number of stored states, and a control methodology for rapidly switching among the states, e.g. within a pulse." The concept of rapidly adjusting phase shifters within a chirped pulse requires overhead in circuitry that may be problematic to efficient low-cost system design and manufacture.
An interesting side-note is that the feature of scan angle changing with frequency is actually employed to advantage in a class of radars called "Frequency-Scan Arrays", as noted by Skolnik. Wideband radar signals can be generated from series or groups of narrow-band signals centered at different frequencies. A wideband LFM chirp can be assembled from lesserbandwidth chirp segments. The chirp segments can be transmitted as separate pulses, each with their own steering phase operation. The chirp segment bandwidth would essentially be narrow-band by itself. This overcomes the problematic dilemma of steering wideband chirps with phase shifters alone. True time-delay elements are not required.
Detailed Analysis

The video phase history data model
Consider a LFM transmitted signal of the form 
The received echo from a point scatterer is a delayed and attenuated version of this, namely
where R A = the amplitude of the received pulse, = echo delay time of the received echo for the nth pulse.
n s, This is expanded to
Employing stretch processing, and Quadrature demodulation, requires mixing this with a Local Oscillator (LO) signal of the form 
This yields a baseband video signal of the form
In this model, we presume
γ γ = which allows the reduction to ( )
Now let 
Forcing the sample times to be within the period of non-zero data allows the sampled video data to be described as ( 
Allows us to write
It becomes convenient to constrain 
The second phase term is known as the residual video phase error and can be removed by data preprocessing, but can also often be ignored. Ignoring the RSPE will slightly degrade the image, and result in a slightly smaller focused scene diameter, the degree of which is exacerbated by short pulses with high chirp rates.
Removing the RVPE (also known as deskewing) entails filtering the data in the range dimension, and can be accomplished in the frequency domain by a Fourier Transform across index i (or equivalent), followed by a phase correction, followed by an inverse Fourier Transform. The technique is discussed in texts by both by Carrera, et al., 18 and Jakowatz, et al. 19 Consequently, whether ignored or compensated, this leaves us with a data model of
The target scene
Consider the geometry of Figure 1 where s = the target scatterer location vector from the scene center, Note that 
In general, and vary with index n. This in fact defines the synthetic aperture. so that the final model becomes
).
(30) This is our generalized starting point, consistent with current Sandia data collection and processing techniques.
PFA Processing
The details and variations of PFA processing are adequately addressed in a number of other texts and reports. 
Stepped Chirps
The idea becomes to transmit only a small segment of the entire bandwidth on any one pulse, moving that segment's center frequency on a pulse to pulse basis, thereby covering the entire resolution bandwidth with multiple pulses.
First we divide the sample set of index n into P subapertures or groups of width M pulses each, such that
where m = the segment intra-group azimuth index,
, and = the inter-group azimuth index,
Note that with no overlap, this implies that
The concept of segmented chirps implies a constraint on the range of index i for particular segment positions m, such that
where
That is, each pulse collects K samples using some lesser-bandwidth chirp.
With no overlap, this implies that
The video signal model becomes (
which we manipulate to
-17 -Some observations are worth noting.
For a specific pulse, that is, a particular chirp segment within a particular group, the values for indices p and m are constant. Consequently, for this particular pulse the transmitted center frequency is given by
The transmitted bandwidth in Hz of this particular segment is given by
The nominal resolution bandwidth in Hz of the radar remains
which is approximately M times greater than the transmitted bandwidth of any one pulse. That is, each pulse exhibits only a fraction of the overall resolution bandwidth.
Recall that the phase history data represent samples in the Fourier space of the scene being imaged, consequently we plot the data for this data collection scheme in Figure 3 . 
Modified PFA Processing
Recall the model for the data ( )
We write this now as ( ) 
For a particular value of segment index m, data varies in azimuth with index p, and in range with index k. This data is on its own trapezoidal grid as shown in Figure 3 , and can be processed accordingly.
Consistent with PFA processing, we require an azimuth resampling to a rectangular grid in the Fourier space projection. This is accomplished by interpolating the data such that
The video signal data model thereby becomes ( ) 
This form has indices i and separated such that it exists on a rectangular grid, that is, it has been reformatted from the segmented trapezoidal grid of Figure 3 to a rectangular grid suitable for a conventional 2D DFT in the usual manner of image formation.
n′
Of course, the azimuth interpolation can be combined with the azimuth DFT in a variety of manners already reported in the literature.
Ramifications and Constraints
From Figure 3 we see that for any one frequency, only every Mth pulse contributes data. Consequently, to prevent aliasing, and all other things being equal, the minimum allowable Pulse Repetition Frequency (PRF) needs to increase by a factor of M from the non-segmented case.
Should pulse periods result that are less than echo delay time for the target scene of interest, then the minimum required PRF will cause "pulses in the air".
From Figure 3 we also note that although N pulses are emitted, at any one frequency the data only spans pulses. This causes a very slight reduction in the achievable azimuth resolution. Of course this can be more than made up by collecting an additional
Phased Array Limitations
The major limitations of phased array antenna performance are well-known. They are repeated here for completeness.
For a uniformly weighted, continuous linear aperture, the far-field pattern is given by
where as shown in Figure 4 , In the vicinity of the programmed scan angle we can write
where φ is the deviation from the desired scan angle.
The peak response of the pattern is located when 
The sensitivity of beam pointing to frequency or wavelength can be calculated as
where is the nominal center frequency in Hz. 
Of course, we desire this to be much less than the beamwidth of the antenna, that is, 
Interestingly, this is not dependent on wavelength, and can be further manipulated to the constraint on slant-range resolution as
For these inequalities, one might presume that a factor of ten would suffice.
Radar PRF
We shall presume that the array is oriented with bore-sight oriented broadside to the radar flight path.
For broadside imaging, assuming the dimension L is the azimuth size of the array, the minimum radar PRF is calculated by Doerry 23 as 
In a squinted mode, the tangential velocity and the effective aperture size both reduce by a factor of cos 0 θ , leaving the net relationship
As a side note, this suggests that an Exoclutter Ground Moving Target Indicator (GMTI) radar employing an AESA oriented to broadside derives no benefit to Minimum Detectable Velocity (MDV) by squinting forward or aft, as would a gimbaled antenna.
Parameter Selection
For SAR operation, geometric parameters, including scan angle, are defined by the radar's flight path and the target scene of interest.
Radar nominal frequency (or wavelength) are defined by the hardware of the system. Where choice is had, a frequency is chosen based on the phenomenology desired to be observed.
The phased-array antenna dimension is a function of the hardware as built.
Radar bandwidth is determined by the desired resolution with which the scene is to be rendered, by the well-known formula 
This ignores any sidelobe filtering effects.
Using a nominal factor of ten, the array usable bandwidth is calculated as 
The minimum PRF is calculated to be
Design Example
Consider a Ku-band (16.8 GHz) SAR desiring to operate at a 45 degree scan angle with an AESA of width 0.3 m, and achieve 0.1 m resolution.
Using the above formulas, we calculate at this scan angle 
Conclusions
The following principal conclusions should be drawn from this report.
• A phased array antenna steered by phase shifters alone has a finite bandwidth that depends on scan angle and array size.
• A chirp waveform can be divided into segments where the bandwidth of each segment is less than the limit imposed by the phased array antenna.
• Each chirp segment can be transmitted in a separate pulse. Doing so allows each pulse to be steered by phase shifters alone.
• The Phase History data can then be processed in a manner to reconstruct the image by combining all pulses with all chirp segments. In this manner the image will exhibit resolution consistent with the entire resolution bandwidth, which can be much larger than any segment's chirp bandwidth.
